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Abstract 
In the eyes of energy analysts and bureaucrats as well as media and environmental NGO’s, CCS now appears to be 
synonymous with “clean coal”, meaning coal fired power plants with CCS. While recognising the role of coal – 
emitting nearly 42 percent of man-made CO2 globally – we want to focus on other aspects of CCS that we find are 
just as, or more important in actually driving the deployment of CCS in the coming years. One of these factors is 
what we see as an evolving “industry norm” to inject, into geological formations, CO2 extracted from high-CO2
natural gas in gas refineries or LNG plants.  A second trend driving CCS in the petroleum sector is the need to 
produce increasingly acid natural gas (CO2 and/or H2S rich) and heavier oil. This will certainly accelerate the 
number of petroleum related CCS-projects in the next decades and thus be valuable for geo-storage learning. A third 
and already important factor is the use of CO2 for enhanced oil recovery (CO2-EOR). Today CO2-EOR is mostly 
limited to USA - with nearly one hundred operating projects – and a small but increasing number in other countries. 
In the period to 2030 and beyond, it is the view of the authors that CO2-EOR will fan out across the sedimentary 
basins of the world. These three factors will not only add to our knowledge of geological storage of CO2, but also be 
important drivers to develop storage sites, pipeline networks, shipping routes and other infrastructure components 
for CO2. There are in fact some profitable CCS-projects or at least projects with modest needs for subsidies. 
With the present electricity-from-coal focus of CCS, it is easy to forget the potential role of other branches of 
industry with large point sources of CO2. The branches of iron and steel, cement, petrochemicals, refining, fertiliser, 
biomass-to-energy are examples we should focus more on. This lack of broad focus is regrettable for two reasons. 
Firstly, some of these are CO2 sources which lend themselves to CCS by having higher CO2 concentrations or 
higher pressures than power plant flue gas, resulting in potentially lower capture cost. Secondly we need these 
branches of industry to learn CCS-capture technologies from each other, to progress their own demo-projects and 
become familiar with the practices of geo-store companies. The main focus in this paper is learning geo-storage by 
taking available CO2-streams rather than creating such streams through billion dollar investment projects. One such 
example is that hydrogen today is largely produced and distributed by pipelines and other methods by a small group 
of specialised industrial gas companies. The connection between these companies and CO2-storage operators are, 
however, nearly non-existent.  
Hydrogen – except for pre-combustion to electricity - has been put on the back-burner in connection with CCS. We 
here argue for focussing more on hydrogen from fossil fuels with CCS aimed at end-use in industry. 
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The CCS time machine: from GHGT-1 to GHGT-10 
The 1980’s marked the first decade where part of the public and leading policy makers came to know climate 
change as a possible global threat. The same decade - surprisingly close in time - saw the first scientists starting to 
discuss ways of storing CO2 in geological formations or in the ocean rather than emitting it to the atmosphere. When 
the First International Conference on CO2-removal was arranged – also in Amsterdam – in March 1992, nearly three 
hundred people from R&D institutions, universities, energy policy and industrial companies attended. An IEA 
implementing agreement named IEA Greenhouse Gas R&D Programme (IEA GHG) also had its formal start in 
1992, even if the first negotiations go back to 1990. Those of us who participated in IEA GHG or at the Amsterdam 
conference were more than a little surprised to find so many people from over thirty countries working in this 
obscure field of research. 
What were the hot topics of the early 1990’s? How did the discussion differ from what we can hear today? When 
reading through the proceedings from the 1992 conference and the minutes of meeting from the first IEA GHG 
meetings, it appears that the topics were surprisingly similar in 1992, but with some different twists. Storage of CO2
in the ocean and utilization of carbon dioxide for making long lived chemical products were more in focus in the 
early 1990’s. At the time – not unlike today - emissions did not have a cost and most countries did not have ways to 
finance CCS-projects. For this reason there was more focus on using CO2 for enhanced oil recovery, on acid gas 
projects and other low cost projects capable of self-financing in full or in part. The focus was on getting the first 
demonstration projects underway and starting the learning process. When Statoil in Amsterdam in 1992 presented 
for the first time the news of the Sleipner CO2-injection project – four years before start of operation – it became 
clear to us that the world looked to it as the pioneering CCS-project. Then as now the cost of emitting CO2 to the 
atmosphere was higher offshore Norway than anywhere else in the world due to the CO2-tax.  
The capture technologies as well as the geological storage concepts discussed were much the same as today. The 
questions and doubts about storage capacity were with us from the start. There is still a long way to go before we 
can answer the question whether CCS-cost or storage capacity will be the limiting factor for CCS. Focus on safety 
and public acceptance had not reached today’s level, but twenty years ago we were consciously working on not 
repeating the nuclear waste story. In the early days we were uncertain about the cost of CCS and its competitiveness 
compared to renewable energy, nuclear power, fuel switching, energy efficiency measures and so forth. Here we 
have made some progress in the last two decades, but far from as much as we hoped for. Sometimes we seem to go 
in circles.  
Having made this short travel through two decades of time, an appropriate question is whether a correction in the 
course is needed. The authors of this paper think so and we offer some opinions in this regard with the aim of 
speeding up the learning process and early implementation of CCS. 
A world on the move – and CCS must move with it 
We have entered the century of global warming and the fossil fuel industry faces criticism across-the-board. The 
consumption of primary energy in OECD is less today than 10 years ago, although GDP has risen by 18 percenti. In 
the developing world, however, the energy intensity per unit of GDP continues to rise. While the knowledge of 
climate change and the consequences thereof progresses unrelentingly and alarmingly, the opposing force from the 
climate scepticsii is successful in influencing public opinion and politics in many countries. CCS and other climate 
measures are influenced by this struggle, even if only indirectly. Less political support for climate mitigation 
policies will result in less strict climate targets, delayed or lower cost for emitting GHG’s to atmosphere and less 
climate mitigation efforts in the short term. If we did not know it already, the failure of the Copenhagen climate 
conference showed us that new actors with different agendas are becoming increasingly important. The underlying 
factors are the rapid industrialisation – and equally rapid GHG emission increase - of countries like China, India, 
Brazil and Indonesia.  
Climate change is not the only global agenda. Let us take a look at aspects of the energy market which is the sea in 
which CCS must swim or sink. CCS has so far been focussed on the industrialised or industrializing countries. 
Fighting climate change should not make us blind to prioritising the 1,5 billion people lacking access to electricity, 
to the 2,5 billion that rely on biomass and the 400 million relying on coal for cooking and heating.  
We believe that the present norm for CCS policy around the world underestimates the almost inevitable, but largely 
invisible role that the oil and gas industry need to play in setting up new CCS-projects. Up to half of the remaining 
known natural gas reserves contain too much CO2 and/or H2S (also called acid gas). These gases need to be 
captured, thereby lending themselves to relatively low-cost geo-storage. Similarly there is globally a move towards 
production and upgrading of increasingly heavy oil where a corresponding logic may apply. A message from the 
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authors to policy makers around the world is to make such lower cost opportunities a more central part of CCS-
policies. 
The Achilles heels of CCS 
Any technology with a potential for large accidents, long term damage to the environment or injury to health or 
safety is dependent on public trust. In that respect CCS is not so much different from today’s coal mining, oil and 
gas extraction, the nuclear fuel cycle or renewable energy forms. As operator of two large CCS-projects (Sleipner, 
Snøhvit), co-operator of a third (In Salah) and partner in the European Test Centre Mongstad, our experience over 
14 years is that being able to show real projects contributes hugely to public understanding, acceptance and 
goodwill. The first main message of this presentation is therefore to establish not only dozens, but a hundred or 
more of small, medium and large scale CO2-storage projects with at least one in every country with a suitable CO2-
source and fitting geology for storage. The second message – also strongly related to public trust - is that we cannot 
tolerate major failures leading to threats to people or to the environment (e.g. geo-storage leaks or too much amines 
escaping to air) for the early CCS-projects. This means that best practices and industry standards for underground 
injection and HSE must be followed and authority regulations come into place. The emerging CCS industry must 
also gear up to handling problems that inevitably will arise such that they do not escalate to a full blown failure. 
A third message is that we need real progress in mapping out in more detail the capacity for storing CO2 in 
geological formations. Learning how to carry out and interpret such capacity estimates are precisely why we need to 
see many more geo-storage projects being developed in the next decade.  
We would also like to point to the Sleipner-type openness with injection and monitoring data as having started a 
tradition that we would like to see continued for the next one hundred projects and beyond. 
Competition rules the energy industries – and CCS may suffer 
Seen from a media perspective the “energy industry” is a block working closely together. This is far from the 
everyday experience of companies in as different pursuits as coal mining, oil or gas production, generation of 
electricity, production of steel, cement or petrochemicals, or setting up and running huge parks of windmills. Seen 
across the many energy forms and end uses, competition rather than cooperation is the norm. How does this 
influence the future of CCS? Probably a lot more than we like to think. 
In the R&D and demo phase from 1990 to now we have seen governments and crosscutting industry groups working 
closely together on progressing CCS, first in the IEA GHG programme, later in a variety of national and 
international CCS programmes. The most active branches of the energy industry have been oil and gas producers 
and coal based electric utilities. The producers of cement, chemicals and metals have kept a far lower profile. It 
might seem natural that this cooperation in the R&D phase can continue into the large scale implementation phase. 
There are, however, barriers to overcome for this to happen.  
The first barrier is that the energy industry is competitive. Coal and natural gas companies will for instance compete 
fiercely to sell their respective products to the electricity utilities. The natural gas producers, gas storage operators as 
well as the CO2-EOR operators are the ones with the actual expertise in storing gases underground. There are other 
examples of coal vs. gas competition to be found in the iron and steel industry and in chemicals manufacturing. The 
risk we are running is that in this real world competition, coal-based CO2 will end up with substandard geological 
storage site-selection and operation. This may lead to the detriment of the whole CCS idea and ultimately to the 
climate. 
We see a second - somewhat different barrier - in the low CCS-profile industries of iron/steel/other bulk metals, 
chemicals and cement. Some of these are presently large users of coal (e.g. steel), but can in the future use natural 
gas in new processes with or without CCS. Competition between coal and gas is an issue, but so is the lack of 
networks linking the storage expertise and these important branches of industry. 
Over decades such barriers can be at least partly overcome, but policy makers and the rest of us would do well to 
think about how they can be bridged in today’s world. Do we have incentives and mechanisms enabling companies 
from very different parts of the energy industry to work together in implementing geo-storage, the critical part of the 
CCS-chain? Given that the expertise for geo-storage today is to be found mainly in the oil and gas cluster, one of our 
messages is for the large CO2-emitters of all types to seek cooperation with oil (and gas) companies with the aim of 
enhancing oil (and gas) production in old onshore fields as part of a larger, long term storage scheme. Producing 
more petroleum through CO2-EOR - while at the same time storing CO2 for climate reasons - may go against the 
grain of environmental purists, but could be an efficient way to join the interest of several dissimilar, now competing 
parts of the energy industry. This is not at all a new idea. The new thing would be for CO2-EOR to become an 
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integral part of CCS policy in more countries and regions. An example of the opposite trend is that carbon dioxide 
injected underground for CO2-EOR does not count as stored in EU countries. If the EU-example were to be copied 
to other parts of the world, we think the development of early CCS and its associated pipeline grid will be hampered 
and delayed. 
CO2 capture cost too high – start with the easy CO2 sources –  improved capture technology needed.  
The climate impact from one tonne of CO2 released to the atmosphere is independent of the CO2 source. Coupling 
this with the need for learning-by-doing in the area of geo-storage, large-scale CO2 capture should begin with the 
easiest CO2 sources. It is preferable to capture CO2 from gases with high partial CO2 pressure (high concentration 
and/or pressure) in order to keep the equipment size downiii. As a rule-of-the thumb the energy input for 
regenerating CO2 is proportional to the flow of CO2.
We see many industry actors recognizing CO2 capture as a future business opportunity (e.g. the NOx and SOx 
handling business). Without the prospect of a high cost of emitting CO2 to the atmosphere, however, the industrial 
heavyweights will hesitate to get too deeply involved. The different CO2 sources require different capture 
technology solutions. Until now, only a handful of large-scale projects have succeeded in CCS. The majority of the 
industrial projects in operation relate to closed systems where CO2 capture is prerequisite, i.e. natural gas 
processing, LNG plants and so forth. Many CCS paper studies carried out over the last years have not been realised 
due to high cost. In general, the capture plants are not only expensive to build, but also energy demanding to 
operate.  
Fig. 1 Not all sources of carbon 
dioxide are equal. CO2 will normally 
be less expensive to remove from gas 
streams where it occurs at a higher 
partial pressure such as in natural gas 
processing and hydrogen or ammonia 
production. In those cases where the 
cost of CO2-removal is carried by the 
primary product (e.g. natural gas), a 
relatively low cost geo-storage 
project may be contemplated 
Financing the first hundred+ projects 
Most CCS-projects - in particular those in the power generation sector – are recognised to be in the high end of the 
cost scale, but perceived necessary to achieve the needed deep cuts in greenhouse gases in the decades ahead. It has 
always been a problem to finance the early-learning CCS projects in an environment without obvious financial 
incentives. The current trading value of CO2-emissions is far too low to kick-start full-scale CCS-projects in the 
power generation sector. Some industrialised countries have put together subsidy packages for demo-projects for 
CCS in the electricity sector. The financial crisis has put a squeeze on expenses for governments and all types of 
energy companies who see lower global primary energy consumption and relatively low energy prices. On one hand 
this means that the willingness of governments to subsidise early CCS-projects is on a downward spiral along with 
the interest in financing other climate mitigation efforts. Governments will typically want industry to cover a larger 
share of the cost than originally envisaged. On the other hand companies contemplating the development of a CCS-
project will tend to delay financial closure of projects. They do this observing the possibility of reduced subsidies as 
well as  today’s high capital cost in the process industries.  The too-high operating cost of CO2-capture is still driven 
by the excessive parasitic energy loss in the capture process. When looking back to the 1990’s the capital cost for 
O. Kaarstad et al. / Energy Procedia 4 (2011) 2662–2668 2665
 Author name / Energy Procedia 00 (2010) 000–000 5
CCS were a lot lower than today – even in today’s money value. The parasitic energy use for capture were perhaps 
1/4 higher in 1992 compared to the figures we see today, but the unit cost of energy was lower. The overall result is 
that the cost per tonne of CO2  has actually gone up significantly. Taken together, the above factors are not good 
news for CCS. Do we as authors have any solutions to offer? Perhaps we have, but not without questioning current 
thinking. One of our messages is that the world has been trying to progress CCS towards large scale implementation 
too fast. We need more time for basic learning, in particular with respect to the subsurface aspects. CCS seemingly 
went from a curiosity item in the 1990’s to a mainstream climate technology when we entered a new millennium. 
We here argue that CCS will do a better job for climate if allowed to progress fast, but still allowing for learning in a 
more timely manner. In the back of our minds is the not altogether happy history of nuclear power and its fuel cycle. 
A message we would like to repeat is that while the high capital and energy cost of CO2-capture is an important and 
unsolved issue, it is the safety and capacity of geological storage that forms the real Achilles heel of CCS. We 
therefore assign priority to learning about underground storage in different geological settings. We believe that the 
number and technical/intellectual quality of such storage projects are more important than their size. A project that 
injects 2 million tonnes of CO2 per year does not give us 20 times as much learning about a particular geological 
setting as an injection of 0,1 million tonnes/yr. We would prefer to see a globally spread mixture of one hundred+ 
small, moderate and large storage projects rather than 10-20 large scale storage sites centred in North America and 
EU. For cost reasons we would also like to see many of these storage projects supplied from already captured CO2-
sources (e.g. natural gas refining and H2 or ammonia plants) without regard to type of process. All injection projects 
- including CO2-EOR and acid gas reinjection - that actually stores CO2 will contribute to learning. Demystification 
of geo-storage and improved public endorsement is likely to follow. Think about this as the level playing field 
approach to CCS. Some will say that each CCS-project needs to be a full chain in its own right. We argue that chain 
thinking is less important than increasing the number of geo-storage projects and learning from them. 
Some will interpret the authors messages – at least in part - as oil and gas hitting out at coal. This is not our 
intention. We recognise the role of coal as responsible for 42 percent of man-made CO2 globally. Ours is an attempt 
to speed up a very necessary learning process – in particular with respect to geo-storage – by learning from past 
experiences and failures in the energy industry. Examples are the boom and bust of oil fired electricity generation in 
the 1960’s and 1970’s, later the boom and bust of the nuclear industry and so forth. Haste makes waste, in the 
energy industry even more than elsewhere. We believe that all fossil fuels – including coal - will be similarly helped 
by a healthy CCS industry developing through the necessary steps. Learning to – and wanting to – cooperate across 
branches of industry is one of these steps. One of our messages is that government policies often leave too little time 
for such step by step learning.  
How does our proposal of one hundred+, small, medium and large size, globally spread geo-storage projects 
compare with the fewer and larger projects promoted by Australia, Canada, EU, Japan, Norway, Korea, UK and 
United States? Firstly we believe that the total cost – done right and given a level playing field - may end up lower 
than the estimate of 26,6 – 36,1 billion USD for 19-43 projects listed in the latest IEA/CSLF reportiv. Secondly we 
think that an approach with much larger geographical spread of geo-storage projects will give more learning and 
growing public awareness and approval. 
There are problems to be tackled, however. All of them in the realm of policy and mostly such involving the 
climate-relationship between the industrialised and the developing countries. Most of the developing countries that 
could be hosts to lower cost, middle size geo-storage projects (including acid gas and CO2-EOR) do not have the 
incentives, the money or a regulatory framework and expertise to carry out such projects. The money and capacity-
building with respect to regulation would have to come from some as yet non-existent mechanism involving the 
industrialised world. The long and unsuccessful struggle to have CCS included as part of the green development 
mechanism (CDM) is an example of how barriers to climate action crop up in unexpected places. 
2666 O. Kaarstad et al. / Energy Procedia 4 (2011) 2662–2668
6 Author name / Energy Procedia 00 (2010) 000–000 
Fig. 2 The number and geographical spread of early CCS-projects matters when we are looking for accumulating 
knowledge about storage in different geologies. Spreading the projects will also contribute to public 
awareness. The left map show projects listed in the latest IEA/CSLF report. The right map indicates how 
we would like our 100+ projects to be more evenly distributed across geologies, sizes and countries.
Our message on financing of CCS-projects is for the industrialised countries to increase focus on – and establish 
financing mechanisms for – all types of CCS-projects in developing countries, perhaps built on the model of 
rainforest funding such as the UN-REDD programmev. Fresh initiatives may be a better idea rather than trying to fit 
under the umbrella of existing mechanisms. 
Revisiting the hydrogen + CCS option 
Hydrogen energy – except for the pre-combustion route to electricity – has been put on the back-burner in 
connection with CCS. To a large extent this is due to the strong link made in the past between hydrogen, fuel cells 
and vehicle propulsion. The anaemic performance of fuel cell cars has meant the kiss of death for the entire 
hydrogen energy case. We argue that focussing on large scale hydrogen production from fossil fuels with CCS 
aimed at end-use in industry is likely to become a significant and important, but nearly invisible energy route in the 
decades to come.  
Fig. 3 An example of a hydrogen pipeline network 
stretching across France, Belgium and The Netherlands. 
The driver for establishing such networks has been 
industry such as refineries who need hydrogen to make 
lighter, lower carbon products (Map: Air Liquid). 
As illustrated in this map hydrogen is already distributed and used on a large scale in industry, but again not along 
the renewable hydrogen route preferred by the environmental purists. We need to see more systems like this, more 
demonstration projects and more enabling hydrogen pipelines. Hydrogen for vehicles may become a later spinoff if 
and when the car industry finds the solutions. Our message with respect to hydrogen is to include – and encourage - 
hydrogen production from fossil fuels with CCS in the level playing field for CCS that we would like to encourage. 
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Our messages – a summary 
Throughout the text we have left a scatter of advice to policy makers. We know that some countries and regions 
have implemented parts of these on their own, but most have not. Our messages – drawing on two decades of 
experience - can be summarised as follows: 
 The first main message is about accelerated geo-learning. The world should establish not only dozens, but a 
hundred or more small, medium and large scale CO2-storage projects with at least one in every country 
with a suitable CO2-source and fitting geology for storage. 
 The second message relates to public trust. We cannot tolerate failures leading to threats to people’s safety 
or to the environment for these early CCS-projects. Ways must be found to fill the fracture between those 
who have the geo-storage expertise and those who need their knowledge in actual projects in all branches 
of industry 
 A third message is that the world – for understandable reasons - has been trying to progress CCS towards 
large scale implementation too fast, in particular with respect to the below ground aspects. We need more 
step-by-step learning  
 A fourth message is that while the high cost of CO2-capture is an important and unsolved issue, it is safety 
and capacity of geological storage that form the Achilles heel of CCS. This is our main rational for 
proposing more focus on underground aspects 
 A fifth message is that we believe that the number and quality of geo-storage projects are more important 
than their size 
 A sixth message is that all injection projects - including CO2-EOR and acid gas reinjection - that actually 
store CO2 should be counted among the 100+ projects. We would also like to see many of these storage 
projects supplied from already captured CO2-sources without regard to type of process. We think of this as 
the level playing field approach to CCS. 
 A seventh message regards financing of CCS-projects. The industrialised countries ought to increase focus 
on – and establish financing mechanisms for – all types of CCS-projects in developing countries, perhaps 
built on the model of rainforest funding such as the UN-REDD programme. 
 Our eighth message is that we should keep initial costs down by starting with already captured CO2
followed by capture from the easiest CO2 sources, i.e. gas streams with the highest CO2 partial pressure 
                                                          
i BP Statistical Review of World Energy, June 2010 
ii March of the sceptics, New Scientist, June 12th, 2010  
iii R.Steeneveldt, B.Berger and T.A.Torp; “CO2 capture and storage closing the knowing-doing gap.”, Trans 
IChemE, Part A, Chemical Engineering Research and Design, 2006 
iv IEA/CSLF Report to the Muskoka 2010 G8 Summit. Carbon Capture and Storage. Progress and next steps. 
v UN-REDD Programme:  http://www.un-redd.org/ 
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